Comments on "Three regimes of QCD" by L.Glozman by Shuryak, Edward
Comments on ”Three regimes of QCD” by L.Glozman
Edward Shuryak
Department of Physics and Astronomy, Stony Brook University, Stony Brook NY 11794-3800, USA
There are no “three regimes of QCD”, as speculated in that paper. There are only two, separated
by already well known Tc ∼ 155MeV . Above it electric interactions are screened rather then
confined. Magnetic ones remain confined all the way to T → ∞. Spectrum of “mesonic screening
masses” is there, but they do not represent real masses. At high T they correspond to “heavy
quarkonia” of 2+1 d gauge theory, which is well known to be a confining theory. There is no reason
to expect any transition unbinding them, at T ∼ 1GeV as claimed. I make calculation of correction
to screening masses in 2+1d at high temperature including spatial screening tension and find results
in agreement with recent lattice data.
I. INTRODUCTION
In a series of papers, and in particularly in Ref [1], an
unorthodox view of QCD phases at finite temperatures
was proposed, see Fig.1 from its conclusions. His new
suggestion is that in the intermediate interval
Tc ≈ 155MeV < T < Tupper ∼ 1GeV
the matter is not a QGP but in the third phase, a “stringy
fluid” with confinement.
Some people asked me to comment, and here I would
argue in favor of the previous (orthodox) view, that at
T > Tc the phase is deconfined QGP. Furthermore, the
phenomena they mistakenly interpret as confinement in
the intermediate temperature interval do not disappear
at T > Tupper but in fact persist all the way to infinite
T .
We start by repeating some standard decades-old ar-
gument for QGP. We need to do so, because all of them
are not argued with, or disproved, but simply ignored in
[1]. Perhaps it may be useful to remind some what had
happened in the previous four decades of development of
finite-T QCD. (Repeating the arguments again and again
is what we all do while teaching anyway.)
Figure 5. Sketch for the temperature evolution of the QCD e↵ective degrees of freedom. The Fig. is from Ref.
[21].
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FIG. 1: Proposed three regimes of finite T QCD, from Ref
[1].
II. WHY HIGH-T QCD MATTER IS
QUARK-GLUON PLASMA?
A. The screening of the color charge
Studies of high-T QCD had started from perturbative
calculation of the polarization tensor Πabµν(k, ω, T ) in [2].
The same diagrams, which give asymptotic freedom (an-
tiscreening) at T = 0 produced positive electric screening
mass squared
M2electric ∼ g2T 2
thus the matter is called a “plasma”.
Later lattice simulation studied the potential between
two static charges, at zero and finite T . The confin-
ing linear potential at small temperatures was indeed
found to change at T > Tc, to Yukawa-shaped screened
Coulomb, as expected. The screening mass was indeed
found, crudely, proportional to T . Here is thus the first
argument for deconfinement:
Argument 1: linear potential between color
charges implies confinement, while in the de-
confined phase the potential is exponentially
screened
Let me add clarifying comments about this argument.
Note that I put such secondary comments in italics: they
may be omitted at first reading.
Comment 1: At finite T one may calculate separately
the free energy of static quark pair, or its potential en-
ergy. They are related, as usual, by F (R, T ) = V (R, T )−
TS(R, T ) where S(R, T ) is the associated entropy. De-
confinement point was defined as zero tension of the free
energy
∂F (R, T → Tc)
∂R
→ 0 (1)
(The tension of V potential does not vanish at Tc: instead
it has a maximum there.)
Comment 2: Studies in the monopole gas model [18]
have found that mechanically stable flux tubes can ex-
ist even up to about 1.5Tc. Subsequent latttice studies
of electric field distribution between static charges indeed
observe clear tube-like structure at Tc < T < 1.5Tc. The
interesting issue needs further scrutiny.
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2Comment 3. The observed values of the screening mass
is rather large, for example relatively recent work [? ]
finds that, up to about T ∼ 450MeV , Melectric/T ≈ 7−
8. This means the Debye radius becomes as small as
1/Melectric ∼ 0.05 fm. Quantum manybody calculations
shows that QGP is strongly coupled (correlated) plasma
in a liguid phase.
B. The equation of state:
To decide whether matter at high T is indeed made of
independent quarks and gluons can be done by its global
thermodynamical quantities. If this proposition be true,
they should scale as
p(T ), (T ) ∼ NDOFT 4 (2)
with the number of effective degrees of freedom reflect
the number of their states, namely
NDOF = 2(N
2
c − 1) +
7
8
· 2 · 2 ·Nf ·Nc (3)
for gluons and quarks. Nc is the number of colors, Nf is
the number of quark flavors.
Argument 2. Lattice calculations, too many to
mention, confirmed rapid growth of the energy
density just above T > Tc, indeed reaching the T
4
dependence. The effective number of degrees of
freedom in theories with different Nc and Nf does
scale with color factors as predicted. Last but
not least, the lattice EOS, put in hydrodynamics,
beautifully describe explosion observed in heavy
ion collisions.
Comment 4. Perturbative O(g2) corrections calculated
in [2] suggested about 20% reduction compared to ideal-
gas predictions, in agreement with lattice data. Originally
this was taken as indication that weak coupling regime is
the case. However, perturbative corrections of higher or-
der produce non-converging series, for the coupling values
at hand. Holographic approach had shown that at strong
coupling limit the energy density and pressure (of N=4
supersymmetric plasma) tend to 3/4 of the free quark-
gluon EOS, also not far from lattice data. The weak-vs-
strong coupling dilemma thus could not be decided via
EOS, and was decided much later, in favor of strong
coupling, based on information about QGP kinetic co-
efficients, such as viscosity. In simple terms, they mean
that quarks and gluons have not only very short screen-
ing radii, but a remarkably small mean free path as well.
This all strengthened the arguments against existence of
bound states at high T .
C. The Polyakov line and its temperature
dependence of the VEV of the
〈P (T )〉 is such that at T > Tc it is finite, tending to
1 at high T . In pure gauge theories, with the first order
transition, it jumps to zero at Tc. Polyakov’s argument
is that this quantity is related with the free energy asso-
ciated with a static charge
〈P (T < Tc)〉 ∼ exp
(− FQ(T )/T ) (4)
So strict 〈P (T < Tc)〉 = 0 VEV means that a color charge
has infinite free energy, and cannot exist by itself.
Glozman correctly states that ZN symmetry is violated
in QCD with light quarks, and so 〈P (T )〉 is no longer
its order parameter. Its transition toward zero becomes
smooth. According to Glozman, relating Polyakov line
average to deconfinement is misleading.
But still 〈P (T < Tc)〉 is very small, < 0.1. It implies
that the free energy of a single quark is very large. It
still therefore means that excitations of single quarks are
strongly suppressed. The behavior of 〈P (T < Tc)〉 is
correlated with changes in EOS mentioned already, both
indicating “practical deconfinement”, disappearance of
colored particles from plasma as QGP cools down. The
so called PNJL model, based on this idea, quantify the
effective quark suppression in thermodynamical quanti-
ties.
Argument 3: 〈P (T < Tc)〉 not close to zero
means deconfinement. The technical definition of
the critical temperature Tc used in lattice commu-
nity is thus the location of the maximum of cor-
responding susceptibility, or the inflection point
∂2〈P (T → Tc)〉
∂T 2
= 0
Comment 5. ZN symmetry is not in fact important
for deconfinement transition. E.g. there are examples
of gauge theories without this symmetry, yet with very
similar confinement-deconfinement phase transition.
Comment 6. In QCD the deconfinement critical tem-
perature as defined above is, within uncertainties, the
same as obtained from the susceptibility of the chiral con-
densate. The natural question is whether there is some
generic reason for that or it is a coincidence. There are
strong recent arguments that the latter is the case. In a
space of QCD-like theories with various periodicity phases
for each quark flavors θf both chiral and deconfinement
transition are generically independent. For certain limits
they can be widely or even infinitely separated, and have
different order.
III. ELIMINATION OF NEAR-ZERO MODES
AT T = 0, INSTANTONS AND “EMERGING
SYMMETRIES”
A. Instantons and zero mode zone
As discovered by ’t Hooft [4], the topological charge of
the instantons require existence of certain zero modes of
the Dirac operator. The instanton liquid model of the in-
stanton ensemble [5] lead to the picture of collectivization
3of these zero modes into zero mode zone (ZMZ) around
zero. Its width is of the order of typical “hopping” am-
plitude for a quark, from one instanton to the next
∆λ ∼ 〈i|D|j〉 ∼ ρiρj
R3
∼ 20MeV (5)
It is 1/R3 because such is the propagator of massless
quark in 4d, and two ρ factors are two couplings of a
quark to two instantons. The ZMZ width is remarcably
small because the typical instanton size ρ is small com-
pared to typical separation R.
Comment 7. The presence of ZMZ of such size has not
been well known in lattice community. However it pro-
vides explanation of the puzzling nonlinear behavior of
chiral extrapolation to small quark masses mu,md → 0.
In fact quark masses used are comparable to ∆λ, which
has nothing to do with the pion mass or chiral logs.
There were many efforts to understand it, and lately, as
computers get powerful enough to dial the realistic quark
masses, the issue is debated no more.
Cutting off the ZMZ states: Glozman et al cut
out the near-zero Dirac eigenmodes from the propagators
one-by-one, eventually killing the effects of chiral sym-
metry breaking. When all fermionic modes which know
about chiral symmetry breaking get removed, mesons
and baryons fall into chirally symmetric multiplets. Fur-
thermore, not just SU(Nf ) chiral symmetry gets appar-
ently restored, but the splittings related to Ua(1) chiral
symmetry also become too small to be detected.
The emphasis by Glozman et al is that chiral symmetry
can be removed apparently without disturbing the basic
picture of hadrons as quarks connected by the flux tubes.
This once again show that instantons generate beraking
of both chiral symmetries, but they do not generate con-
finement.
They also correctly stressed that absence of spin split-
tings indicate, that in the comoving frames of quarks
there seem to be no magnetic fields. It also fits well
to the picture of electric flux tubes.
Comment 8. These studies confirmed the existence of
ZMZ. Furthermore, they provide direct measurements of
its width. As is obvious from Fig.2, it is indeed is as
small as ILM predicted, ∆λ ∼ 20MeV . This non-trivial
fact was never mentioned in any of the papers. Nor was
it related to chiral extrapolation puzzle.
IV. QUARKS PROPAGATING IN SPACE
DIRECTION AND LATTICE CORRELATION
FUNCTIONS
A. Monopoles and magnetic screening
Before discussing correlation functions in spatial direc-
tion, studied by Glozman et al, let us briefly recapitulate
what is known about magnetic fields in QGP.
One important consequence of my original calculation
[2] was the statement that in perturbation theory the
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Figure 1. J = 1 meson masses as a function of the truncation number k where k represents the amount of removed
lowest modes of the Dirac operator.   shows the energy gap in the Dirac spectrum. The Fig. is from Ref. [12].
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Figure 2. The green arrows connect operators that belong to SU(2)CS triplets. The purple arrow shows the SU(4)
15-plet. The f1 operator is is a singlet of SU(4). The Fig. is from Ref. [16].
4 Emergence of chiral-spin and SU(2NF) symmetries at high temperatures
Above the pseudocritical temperature the chiral symmetry is restored and consequently the near-zero
modes of the Dirac operator are suppressed by temperature. Then, given the results on the artificial
truncation of the near-zero modes at zero temperature, presented in previous section, one can expect
natural emergence of the SU(2)CS and SU(4) symmetries above Tc. This expectation has been verified
in the lattice simulations of NF = 2 QCD with quarks of the physical mass with the chirally symmetric
Domain Wall Dirac operator (JLQCD ensembles) at temperatures T = (220   960) MeV [20, 21].
Namely the spatial (z direction) rest-frame correlators of all local isovector J = 0, 1 meson operators
C (nz) =
X
nx,ny,nt
hO (nx, ny, nz, nt)O (0, 0)†i . (15)
have been calculated as functions of the dimensionless variable
z T = (nza)/(Nta) = nz/Nt , (16)
FIG. 2: Collapse of mesonic masses (left) to com on values
(right) as Dirac eigenstates are removed from strip around
zero of width σ(MeV ) , from [1].
magnetic fields remain unscreened. This opened the
door to infrared divergencies in the magnetic sector of
the theory. In fact, considering a limit of very high T of
Euclidean version of QCD (e.g. on the lattice) one imme-
diately realizes that it simply corresponds to transition
from the 4-dimensional to 3-dimensional gauge theory:
the Matsubara time shrinks to nothing ~/T → 0. It is
k own (e.g. from la tice studies) tha it is also a the-
ory with rich nonperbative physics, with confinement in
particular.
Yet nonperturbative magnetic sector con-
tributes only a very small fraction o QGP ther-
modynamics, which does not affect EOS applica-
tions.
Polyakov argued that, in order to fix power infrared
divergencies, the magnetic sector should have its distinct
momentum scale Pmagnetic ∼ g2T . If so, the magnetic
screening mass should be
M2mag ∼ g4T 2 (6)
This indeed was co firmed by lattice simulations: recent
value [3] is Mmag ∼ 4.5T . But it was also observed that
spatial Wilson loops (unlike temporal ones) have nonzero
tension, which at high temperatures is also of magnetic
scale σspatial ∼ g4T 2. Interest to 3-d (magnetic) theory,
which is also the high-T limit of 4-d QCD, led to its
lattice studies (such as [8]), which confirmed that it is
indeed confining, with linear potential and flux tubes.
In fact this was anticipated by Polyakov [9], who no-
ticed that in 3d the role of instantons is played by
monopoles, and there is a principal difference between
their ensembles because monopole interactions are long
range in 3d, while instanton’s (in 4d) is not. Therefore
4-d instantons do not explain confinement (a big disap-
pointment to Polyakov).
The big next step in understanding gauge topology at
finite T was discovery of instanton constituents, known
as instanton-dyons or instanton-monopoles [10, 11]. Un-
4like the original instantons, which have topological charge
only, they have both electric and magnetic charges, and
thus interact with both A4 field (and the Polyakov line P )
and the magnetic sector. ensembles of instanton-dyons
explain both confinement and chiral symmetry breaking,
see e.g. [12] for review. Recently it was also shown
[13] that they also generate the nonzero spatial Wilson
line tension. Last but not least, descriptions in terms
of instanton-dyons and monopoles are very different and
yet equivalent, mathematically related by the so called
“Poisson duality”, for recent discussion see [14].
Summary: charges which propagate along the
time and space direction interact in a very differ-
ent way. Charges which (like us) move (mostly)
along the time axis, interact (mostly) via electric
fields Gτm,m = 1, 2, 3. Charges which move along
spatial directions produce “currents” which inter-
act with each other magnetically. As was known
already in 1970’s for QCD (and of course known
in QED a century before that), electric and mag-
netic fields interact with matter quite differently.
We already mentioned that electric and magnetic
screening have different scales and mechanisms.
In Euclidean settings (e.g. lattice gauge theory)
the finite-T is introduce via Matsubara periodic
time. The high-T limit takes 4d theory into its 3d
version. In this limit electric fields get screened,
fermions gets heavy, while the magnetic theory
remains confined.
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Figure 3. Correlation functions of the bilinears PS , S ,Vx, Ax,Tt, Xt. The solid curves represent full QCD
calculation and the dashed lines are correlators calculated with free noninteracting quarks. The Fig. is from Ref.
[21].
that the symmetries that we observe in the range between T ⇠ 220 MeV and 500 MeV are well
pronounced.
At temperatures between T ⇠ 500 MeV and T ⇠ 660 MeV we notice a drastic increase of
the symmetry breaking parameter  to values of the order ⇠ 1. We conclude that QCD exhibits
approximate SU(2)CS and SU(4) symmetries in the temperature range between T ⇠ 220 – 500 MeV
with symmetry breaking less than 5% as measured with . This suggests that the SU(2)CS symmetric
regime begins just after the SU(2)R ⇥ SU(2)L restoration crossover.
FIG. 3: Correlation functions of q¯q operators in z direction
for scalar (S),pseudoscalar (PS), vector (V) and axial (A),
versus zT , where the temperature T = 380MeV . The dashed
lines show the same correlators for free quarks (in an “empty”
lattice). From [1].
B. Spatial correlation functions and “screening
masses”
Lattice measurement of the spatial correlation func-
tions in spatial (let it be z) di ection at T > Tc has been
pioneered by DeTar and Kogut [6] decades ago. Instead
of independent propagation of a quark and an antiquark,
they found meson-like behavior, their propagation to-
gether as a bound state. Moreover (by some coincidence
of numbers), in the vector channel the rho meson mass
was close to its PDF value in the vacuum T = 0. While
well realizing that their “screening masses” are not really
masses, DeTar and Kogut still ended the paper by noticed
that ”...their appearance in the screening spectrum deals
a serious blow to the naive deconfinement picture...”.
The spatial correlation functions studied by Glozman
et al (reproduced partly in Fig.3) show the same phe-
nomenon. Their speculation of “absence of the deconfine-
ment”, at the temperature range they cover, is exactly
the same sentiment as expressed by DeTar and Kogut
already in 1987. It is just wrong: there is no contradic-
tion between electric interactions being screened, while
the magnetic ones being confined. Both phenomena were
extensively studied in the last 30 years and by now are
firmly established.
C. Exchanging the time and space coordinates,
and NRQCD3
Simple theoretical calculation of the “screening
masses” was proposed in [7] which quantitatively ex-
plained the data by DeTar,Kogut. At the end of this
text we will present the most recent data on screening
masses and a new theoretical calculation.
Let us perform a simple change of notations, in the
Euclidean lattice we rename z = x3 a “new time”, and
τ = x4 a new spatial direction
z → τ˜ , τ → z˜
Now the same lattice measurement are reinterpreted, as
a zero temperature study (since the τ˜ extension is indef-
initely large). The former time direction is now inter-
preted as a “circular box”,or a “tube”, in which gluons
have periodic and quarks antiperiodic[19] boundary con-
ditions. By increasing the temperature one makes the
Matsubara time duration β = ~/T to shrink. The z˜ mo-
mentum pz˜ get quantized to ±(n+ 1/2)2piT with integer
n. As pz˜ gets large at high T (thin tube) case, the (new)
energy can be approximated as[20]
pτ˜ =
√
p2x + p
2
y + p
2
z˜ ≈ |pz˜|+
p2x + p
2
y
2|pz˜| (7)
corresponding to 2-d motion with effective heavy “mass”
pz˜.
The high-T limit therefore matches with 2+1 dimen-
sional gauge theory, and screening masses correspond
to nonrelativistic quarks, called NRQCD3. To get the
“screening mass spectrum” one simply needs to solve
Schreodinger equation, for 2-dimensional quarkonia-like
system, with known effective potential, incorporating the
(2-d logarithmic) Coulomb and confining string tension.
5D. Is there a change of regime at T > 1GeV ?
The spatial correlation functions calculated by from
Glozman et al and shown in Fig.3 show that the mea-
sured lattice data (points) do not agree with free quark
propagation (dashed lines): they decrease (with z = τ˜)
with smaller exponent, which means that the binding en-
ergy of “quarkonia” is negative, Mmeson < 2piT . Note
also, that there remains some dependence on the quan-
tum number: scalar and pseudoscalar have larger binding
than vectors and axials: this means spin-spin forces are
still visible. However at T = 960MeV (not shown here)
these differences were no longer observed in their data.
This lead to Glozman’s speculation that there is no bind-
ing above T ∼ 1GeV and thus a “true QGP” regime.
This speculation is completely baseless. There
is no reason for the Coulomb and confining poten-
tials between quarks to disappear, at any temper-
ature till infinity. As effective mass of quarks con-
tinue to increase, and interactions persist, such
unbinding obviously cannot happen.
At Tupper ∼ 1GeV the effective quark mass (actually
the Matsubara energy) is as large as piT ∼ 3GeV . So the
effective quarkonium-like mesons are of a mass of about
6 GeV , between charmonia and bottonia in real QCD
(but, of course, in its 2+1 dimensional world, with the
spatial string tension instead of the usual one).
Very recent lattice study of screening masses [15] has
followed them to higher temperatures T ≈ 2.5GeV .
The results for light quark pairs are reproduced in Fig.4
from this work. While the scalar-pseudoscalar screening
masses seem indeed to cross 2piT around T ∼ 1GeV and
remain close to it, the vector channels cross it at smaller
T and clearly show values meaning positive binding (rel-
ative to 2piT ). The same sign will be obtained from the
theory below.
E. Calculation of screening masses in 2+1 d theory
The theoretical calculation [16] is a perturbative one, it
includes lowest order O(g2) corrections, but not the effect
of confinement (which is nonperturbative). However, in
the spirit of NRQCD3, I do not see any problem with
including it, and in the remainder of this text I would do
so.
The only ingredient needed is the high-T behavior of
spatial string tension. It has been studied on the lattice
for SU(2), SU(3) gauge theories and QCD long ago: I
am using the QCD fit from [17]
σs = CM (g
2T )2, CM = 0.587(41) (8)
It is convenient to write the 2-d Schreodinger equation
using as units the Debye mass/length, for which I use the
original perturbative form [2]
M2E = (1 +
Nf
6
)g2T 2 (9)
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Figure 9. Screening masses divided by the temperature, for temperatures T & 200 MeV and for N⌧ = 6, 8, 10 and 12 for all four
channels in di↵erent flavor sectors. The curves at the top right part of each figure depict the resummed perturbation theory
predictions. Beyond T & 1 GeV, only N⌧ = 8 data exist as a result of which, a continuum extrapolation is not possible. The
lattice results are obtained with corner wall source for V and AV channels for T . 300 MeV and with point source elsewhere.
free theory value are independent of the spin, i.e. the
PS(S) and AV (V ) screening masses receive the same
correction, that has been calculated in Ref. [72]. This
correction is positive in qualitative agreement with our
lattice results. In Fig. 9 we show the corresponding weak
coupling result from EQCD. We used the 2-loop result for
g2E and the optimal choice for the renormalization scale
µ/T = 9.08 [73]. We varied the scale µ by factor of two
around this optimal value to estimate the perturbative
uncertainty, which turned out to be very small (the un-
certainty corresponds to the width of the weak coupling
curve in Fig. 9. We see that the weak coupling results
from EQCD are slightly larger than the AV (V ) screening
masses and significantly larger the the lattice results for
PS(S) screening masses. This is not completely surpris-
ing because the EQCD coupling constant g2E is not small
except for very high temperatures and thus higher order
corrections may be important. Beyond O(g2E) the correc-
tion will be spin dependent [70, 71]. Since the coupling
constant decreases logarithmically the screening masses
will approach 2⇡T only for temperatures many orders of
magnitude larger than those considered here, when the
AV (V ) and PS(S) screening masses become degenerate.
It would be interesting to calculate the O(g4E) correction
to meson screening masses and see whether EQCD pre-
dictions work quantitatively.
V. CONCLUSIONS
We have performed an in-depth analysis of mesonic
screening masses in (2+1)-flavor QCD with physical (de-
generate) light and strange quark masses. In the vicinity
of the pseudo-critical temperature for chiral symmetry
restoration, Tpc and up to about 1 GeV we could per-
form controlled continuum extrapolations, using input
from five di↵erent values of the lattice cut-o↵. Compar-
ing screening masses for chiral partners, related through
the chiral SUL(2) ⇥ SUR(2) and the axial UA(1) trans-
formations, respectively, we find in the case of light-light
mesons evidence for the degeneracy of screening masses
related through the chiral SUL(2) ⇥ SUR(2) at or very
close to Tpc while screening masses related through an ax-
ial UA(1) transformation start becoming degenerate only
at about 1.3Tpc. In particular, the V and AV mesons
(J = 1), which are related by chiral SUL(2) ⇥ SUR(2)
transformations, become degenerate at T ' Tpc, while
the S and the PS (J = 0) mesons, which are related
by axial UA(1) transformations, only become degenerate
around 1.3Tpc. The onset of these degeneracies also oc-
curs in the light-strange and strange-strange meson sec-
tors, but at higher temperatures.
At high temperatures the screening masses overshoot
the free theory expectations in qualitative agreement
with the weak coupling calculations at O(g2E). While
mesonic screening masses in given angular momentum
(J) channels become degenerate, screening masses in
channels with di↵erent J , e.g. J = 0 and J = 1,
stay well separated even up to the highest temperature,
T = 2.5 GeV, that was analyzed by us. We argued that
it is necessary to go beyond O(g2E) calculations in or-
der to understand this feature within the EQCD frame-
work. This non-degeneracy has also been observed in
Ref. [74], where it was also shown that these two sets of
mesons only become degenerate at asymptotically high
temperatures. This conclusion is in agreement with the
results that we have presented in this paper in Sec. IVD
(Fig. 9).
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FIG. 4: Screening masses divided by the temperature, for
axialvector (A), vector(V), scalar (S) and pseudiscalar (P)
channels. The horizontal dashed line corresponds to 2pi, the
non-interacting limit. The solid line in upper right side cor-
respond to O(g2) correction calculated in [16].
with Nf = 3. (Inclusion of the fourth charm quark is
debatable at such T , and it is not very important.) So
the wave function depends on x = r · ME , with r the
radial distance, and the eqn takes the form
−ψ′′− 1
x
ψ′+
(piT )(CF g
2T/2pi)
M2E
(
log(x/2)+γE−K0(x)
)
ψ(x)
+
(piT )(CMg
4T 2)
M3E
xψ(x) = ψ(x) (10)
where piT is the reduced mass for relative motion, CF =
4/3 is the color factor. Two terms in the potential are
the regularized 2-d Coulomb and confining term, respec-
tively.
Note that in the coefficient of the Coulomb term pow-
ers of T ,g and pi cancel out, leaving just a number 4/9.
The confining term divided by cube of ME still keeps
one of its powers of g. As T → ∞, the matched cou-
pling constant decreases (with 4d beta function of QCD)
as 1/
√
log(T ), and so asymptotically screening masses
get corrected only by the Coulomb binding energy (like
very heavy quarkonia). Yet it happens very slowly: to
demonstrate the effect, we plot the effective potential in
Fig.5 for T = 1, 10, 100GeV .
The ground state wave functions are also shown in
the bottom of that figure: one can see that with the
Coulomb only the wave function is much wider. If one
keeps only the Coulomb term, the lowest eigenvalues
are i = (0.208618, 0.836333, 1.07963...). However with
the confining linear term these eigenstates are instead
(1.66299, 4.49885, 6.49748) for T = 1GeV , (1.42189,
3.93609, 5.68565) for T = 10GeV and (1.17773, 3.35831,
4.84937) for T = 1000GeV . These results show, that the
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FIG. 5: The effective 2-d potentials (top) as a function of
x = r ·ME . Solid black line is the Coulomb part, three blue
dashed lines is a sum of Coulomb and linear potential, for tem-
peratures T = 1, 10, 1000GeV , top to bottom. The bottom
figure shows their respective ground state wave functions.
confining term is in fact dominant, and that it goes away
at high T extremely slowly. The confining term is even
more important for the excited states.
Returning to the actual energy units and relating them
to the total mass , one gets the following corrections
Mmesons
2piT
= 1 +
3g2(T )
4pi2
i (11)
which, at T = 1000GeV is 1+0.057, predicting the
screening mass ratio 6.64, in agreement with the trend
of Fig.4. At lower T the perturbative series are not con-
vergent/reliable as the coupling is not really small: keep-
ing only confinement is probably the best one can do in
practice.
Summary: the binding of quarks propagating in
space direction does not mean confinement in the
ordinary sense. It does not disappear at any tem-
perature, and the data for screening masses rea-
sonably agree with the expectation of the 2+1d
asymptotic effective theory.
[1] L. Y. Glozman, arXiv:1907.01820 [hep-ph].
[2] E. V. Shuryak, “Theory of Hadronic Plasma,” Sov. Phys.
JETP 47, 212 (1978) [Zh. Eksp. Teor. Fiz. 74, 408
(1978)].
[3] S. Borsanyi, Z. Fodor, S. D. Katz, A. Pasztor, K. K. Sz-
abo and C. Torok, Static QQ pair free energy and screen-
ing masses from correlators of Polyakov loops: continuum
extrapolated lattice results at the QCD physical point,
JHEP 1504, 138 (2015), [arXiv:1501.02173[hep- lat]].
[4] G. ’t Hooft, Phys. Rev. D 14, 3432 (1976)
Erratum: [Phys. Rev. D 18, 2199 (1978)].
doi:10.1103/PhysRevD.18.2199.3, 10.1103/Phys-
RevD.14.3432
[5] E. V. Shuryak, “The Role of Instantons in Quantum
Chromodynamics. 1. Physical Vacuum,” Nucl. Phys. B
203, 93 (1982).
[6] C. E. Detar and J. B. Kogut, Phys. Rev. Lett. 59, 399
(1987). doi:10.1103/PhysRevLett.59.399
[7] V. Koch, E. V. Shuryak, G. E. Brown and A. D. Jack-
son, Phys. Rev. D 46, 3169 (1992) Erratum: [Phys.
Rev. D 47, 2157 (1993)] doi:10.1103/PhysRevD.46.3169,
10.1103/PhysRevD.47.2157 [hep-ph/9204236].
[8] M. Teper, Phys. Lett. B 311, 223 (1993).
doi:10.1016/0370-2693(93)90559-Z
[9] A. M. Polyakov, Nucl. Phys. B 120, 429 (1977).
doi:10.1016/0550-3213(77)90086-4
[10] T. C. Kraan and P. van Baal, Phys. Lett. B 435,
389 (1998) doi:10.1016/S0370-2693(98)00799-0 [hep-
th/9806034].
[11] K. M. Lee and C. h. Lu, Phys. Rev. D 58, 025011 (1998)
doi:10.1103/PhysRevD.58.025011 [hep-th/9802108].
[12] E. Shuryak, arXiv:1812.01509 [hep-ph].
[13] M. A. Lopez-Ruiz, Y. Jiang and J. Liao, Phys. Rev. D 97,
no. 5, 054026 (2018) doi:10.1103/PhysRevD.97.054026
[arXiv:1611.02539 [hep-ph]].
[14] A. Ramamurti, E. Shuryak and I. Zahed,
Phys. Rev. D 97, no. 11, 114028 (2018)
doi:10.1103/PhysRevD.97.114028 [arXiv:1802.10509
[hep-ph]].
[15] A. Bazavov et al., arXiv:1908.09552 [hep-lat].
[16] M. Laine and M. Vepsalainen, JHEP 0402, 004 (2004)
doi:10.1088/1126-6708/2004/02/004 [hep-ph/0311268].
[17] F. Karsch, Nucl. Phys. A 783, 13 (2007)
doi:10.1016/j.nuclphysa.2006.11.035 [hep-ph/0610024].
[18] J. Liao and E. Shuryak, Phys. Rev. D 82, 094007 (2010)
doi:10.1103/PhysRevD.82.094007 [arXiv:0804.4890 [hep-
ph]].
[19] People who work in supersymmetric theories often do
what they call “spatial compactification”, which differs
from thermal theory by making spin-1/2 fields also peri-
odic, basically bosons.
[20] We ignored the quark mass here. Therefore there is no
violation of the chiral symmetry.
